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Introduction: The lunar surface is exposed to 
bombardment by asteroids, comets, and debris from 
them. Surviving fragments of those projectiles in the 
lunar regolith provide a direct measure of the sources 
of exogenous material delivered to the Moon. Con-
straining the temporal flux of their delivery will di-
rectly address key questions about the bombardment 
history of the inner Solar System. 
Regolith breccias, which are consolidated samples 
of the lunar regolith, were closed to further impact 
processing at the time they were assembled into rocks 
[1]. They are, therefore, time capsules of impact bom-
bardment at different times through lunar history. Here 
we investigate the impact archive preserved in the 
Apollo 16 regolith breccias and compare this record to 
evidence of projectile species in other lunar samples. 
 Temporal Archive of the Apollo 16 Regolith 
Breccias: McKay et al. [1] presented Ar-isotopic evi-
dence that the Apollo 16 regolith breccias were assem-
bled either prior to 4 Ga (the ancient regolith breccias) 
or after 4 Ga (the young regolith breccias).  
We used a revised calibration (after [2]) of the ratio 
of trapped 40Ar/36Ar (‘parentless’ 40Ar derived from 
radioactive decay of 40K, ratioed to solar wind derived 
36Ar) to semi-quantitatively calculate the timing of the 
assembly of the Apollo 16 regolith breccias (initial 
results were presented in [3]).  
Our revised calibration indicates that the Apollo 16 
ancient regolith breccia population was assembled be-
tween 3.77 and 3.35 Ga (after [3]), consistent with re-
goliths developed and closed after the Imbrium basin-
forming event (~3.85 Ga), during the time of declining 
basin-forming impacts. We also find that young re-
golith breccias were assembled in the Eratosthenian 
period between 2.51 and 2.16 Ga, providing a window 
to the sources of post-basin bombardment.  
Methodology: Thin sections of Apollo 16 regolith 
breccias are studied optically, and then carbon coated, 
and examined with the NASA JSC JEOL field-
emission scanning electron microscope to collect quali-
tative element and back-scatter electron (BSE) maps. 
Phases and rock fragments of interest are then exam-
ined using a Cameca SX100.  
Ancient regolith breccia 60016: The 60016 sam-
ple is a B2-type breccia (light matrix with dark clasts 
[4]). In thin sections ,83 ,93 and ,95 we find a range of  
clasts (<2 cm) including mafic and feldspathic impact 
melt and melt breccias, ferroan anorthosites, and min-
eral fragments in a comminuted mineral, glass, and 
polymict rock matrix. Although devitrified and ho-
mogenous glassy impact melt spheres occur, we do not 
observe any agglutinates. This is consistent with the 
observation of [1] that 60016 is very immature (0.5 
Is/FeO) and had limited surface exposure.  
The breccia has a trapped 40Ar/36Ar ratio of 12.2 [1] 
suggesting assembly at ~3.74 Ga (after [2,3]). The ma-
terial contained within this ancient regolith breccia, 
therefore, provides evidence of impactors delivered to 
the Moon in the Late-Imbrian epoch, and may also 
sample impactor populations during the basin-forming 
epoch itself. In three different thin sections of 60016 
(,83, ,93, and ,95) we have identified several clasts 
with atypical lunar mineral chemistries. These include: 
Ultra Magnesian Mafic Fragments (UMMF). Eight 
small (<250 µm) fragments found in all three sections 
(e.g., see Fig. 1) are formed of forsteritic olivine grains 
(Fo95-98: Fig. 2a), often enclosing near end-member 
enstatitic pyroxene (En90-96Fs2Wo2-8: Fig. 2b). MnO 
concentrations in the forsteritic olivine are variable, 
with FeO/MnO ratios of 40-70 in some grains and up 
to 122-190 in others (Fig. 2a). The clasts sometimes 
also contain small (<5 µm) irregular interstitial phases 
(glass?), including an Al, Ca, Na, P and K component.  
The olivine and pyroxene phases in the UMMF are 
more magnesian than any lunar indigenous mafic min-
erals analysed previously (Mg-Suite lithologies typi-
cally have olivine with Fo80-93, while some magnesian 
dunites extend those compositions to Fo95 [5,6]). The 
60016 mafic phases are also compositionally distinct 
from experimentally produced and theoretically calcu-
lated minerals from the early mantle cumulates of the 
lunar magma ocean [7,8]. However, the olivine has 
FeO/MnO and Mg# similar to that in Mn-poor matrix 
olivine from carbonaceous chondrites (CC Trend 1 [9]: 
Fig. 2a). We, therefore, propose that the UMMF are 
non-lunar, and possibly originate from a primitive me-
teorite source. 
Olivine-sulphide Assemblage. An unusual ~40×40 
µm clast in section 60016,83 consists of disseminated 
troilite (61-62 wt.% Fe, 36-37 wt.% S), an Si-rich 
phase, and reverse zoned olivine (Fo53-64: Fig. 2a). The 
fragment is associated with two types of pyroxene with 
compositions that are unusual for the Moon (OPX: 
En33Fs65Wo2: Fig. 2b and CPX En28-29Fs26-27Wo45-46: 
Fig. 2b). FeO/MnO ratios in the olivine phase are non-
lunar (45-54: Fig. 1a), are similar to olivine from Mar-
tian basalts, and have Mg# variation that is indicative 
of melt fractionation rather than reduction processes 
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(Fig. 2a). This suggests the clast either originated in a 
comparatively more volatile (e.g., lower FeO/MnO 
ratio) achondritic parent body, or that the clast is of 
unique lunar origin. The latter interpretation requires 
the Moon to have much more variable Fe/Mn ratios 
than has previously been suggested (see also [10]). 
Fe-Oxide Fragment. A 90×60 µm breccia in sec-
tion 60016,83 is composed of Fe-oxide found in asso-
ciation with FeS (troilite) and clasts of plagioclase 
(An95-97) and pyroxene (En74-75 Fs21-22 Wo3-4: Fig. 2b) 
of typical lunar composition. Fourteen analyses of the 
Fe-oxide phase result in 69.5±0.69 (1 st. dev.) wt. % 
Fe equivalent to hematite with 99.4±0.98 wt. % Fe2O3. 
Hematite has been previously sought before, but not 
found as large fragments in Apollo samples, and we are 
in the process of fully characterising the fragment to 
determine crystal structure. The phase has irregular 
banding suggesting that it surrounded, and included, 
the other phases during deposition. Hematite on the 
Moon could be attributed to interaction with oxidising 
gases from cometary or carbonaceous chondrite im-
pacts, lunar fumarolic activity, or low temperature gas-
solid exchange processes [11].  
Summary. In ancient regolith breccia 60016 we 
have located several lithic fragments with mineral 
chemistries that are not consistent with known types of 
lunar lithologies. We suggest that the fragments have a 
meteoritic origin, and our results point to both primi-
tive and differentiated projectiles being delivered to the 
lunar surface prior to ~3.74 Ga. Other work also sug-
gests that projectiles with both chondritic [12] and non-
chondritic (i.e., samples 14321 and 72395 [13]) aster-
oid affinities were delivered to the Moon between 
3.85-3.98 Ga. Locating and classifying additional 
fragments of meteorites in ancient regolith breccias 
may, therefore, help to identify these types of ancient 
basin-forming impactor populations.  
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Figure 1. BSE image of ‘Mg-Fragment 1’ in 60016,93, com-
posed of Fo98 olivine (Fig. 2a), enstatitic pyroxene (Fig. 2b) 
and an interstitial component (In).  
 
 
Figure 2. (a) Olivine FeO/MnO vs. Mg# of unusual clasts in 
60016 (sections 83, 93 and 95) compared with olivines in 
Apollo samples and different meteorite groups. OC = ordi-
nary chondrites, CC = carbonaceous chondrites, EH = ensta-
tite chondrite, Br = brachinites, MS = mesosiderites. Meteor-
ite data taken from range of sources including [6]. Mn values 
in several of the 60016 clasts are very low (<0.03 MnO), but 
long instrument count times (300 s) and high beam current 
(20 KeV, 40 nA) were used to analyse these phases to ensure 
low detection limits. Note that Mg-fragment 8 has a very 
magnesian core with zoned rim with more typical lunar oli-
vine compositions. (b) Pyroxene compositions in unusual 
clasts in 60016. Key is the same in both diagrams. 
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